Alterations in cell membrane contacts could be detected by electron microscopy studies of the Thy-1 -/-thymus (see Supplementary material). As thymic intercellular interactions are known to play an important role in regulating T-cell receptor (TCR) signaling in thymocytes [9], we examined whether Thy-1 deficiency influences TCR signaling in mouse thymocytes. We analyzed the tyrosine phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) in CD3 and TCRζ subunits, and the activity of p56 lck [9] [10] [11] . Figure 1a shows that cross-linking of TCR-CD3 in vitro led to higher levels of tyrosine phosphorylation of the CD3ε and p23 TCRζ chains in (Figure 2c ). Furthermore, triggering of TCR-CD3 resulted in a higher increase in p56 lck activity in Thy-1 -/-thymocytes than in Thy-1 +/+ thymocytes ( Figure 1b) . Signaling events downstream of tyrosine phosphorylation of TCR-CD3 complexes were also augmented in Thy-1 -/-thymocytes. Figure 1c shows that TCR-CD3 triggering resulted in faster and greater [Ca 2+ ] i increments in both double positive (DP) and single positive (SP) Thy-1 -/-thymocytes. These results thus indicate that both immature (DP) and mature (SP) Thy-1 -/-thymocytes are more responsive to TCR stimulation than wild-type thymocytes, consistent with the enhanced TCR-induced proliferative responses observed for SP cells (Figure 1d ) and altered selection processes for DP cells (Figures 2,3) . Thy-1 might modulate TCR signaling by sequestering available p56 lck in a similar way as CD4 [7, 9] , or by hindering the proposed packing of TCRs, coreceptors and accessory molecules into specific membrane-protein aggregates [12] .
Results and discussion
Alterations in cell membrane contacts could be detected by electron microscopy studies of the Thy-1 -/-thymus (see Supplementary material). As thymic intercellular interactions are known to play an important role in regulating T-cell receptor (TCR) signaling in thymocytes [9] , we examined whether Thy-1 deficiency influences TCR signaling in mouse thymocytes. We analyzed the tyrosine phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) in CD3 and TCRζ subunits, and the activity of p56 lck [9] [10] [11] . Figure 1a shows that cross-linking of TCR-CD3 in vitro led to higher levels of tyrosine phosphorylation of the CD3ε and p23 TCRζ chains in Thy-1 -/-thymocytes than in Thy-1 +/+ thymocytes, despite a similar distribution of mature (TCR hi ) and immature (TCR lo) cells and similar surface expression of TCR in each subset of Thy-1 +/+ and Thy-1 -/-thymocytes ( Figure 2c ). Furthermore, triggering of TCR-CD3 resulted in a higher increase in p56 lck activity in Thy-1 -/-thymocytes than in Thy-1 +/+ thymocytes ( Figure 1b ). Signaling events downstream of tyrosine phosphorylation of TCR-CD3 complexes were also augmented in Thy-1 -/-thymocytes. Figure 1c shows that TCR-CD3 triggering resulted in faster and greater [Ca 2+ ] i increments in both double positive (DP) and single positive (SP) Thy-1 -/-thymocytes. These results thus indicate that both immature (DP) and mature (SP) Thy-1 -/-thymocytes are more responsive to TCR stimulation than wild-type thymocytes, consistent with the enhanced TCR-induced proliferative responses observed for SP cells (Figure 1d ) and altered selection processes for DP cells (Figures 2,3 ). Thy-1 might modulate TCR signaling by sequestering available p56 lck in a similar way as CD4 [7, 9] , or by hindering the proposed packing of TCRs, coreceptors and accessory molecules into specific membrane-protein aggregates [12] .
The total number of thymocytes and the expression pattern of surface markers were found to be similar in wild-type and Thy-1 -/-mice (data not shown). However, the percentage of CD8 SP mature T cells was reduced by two-to three-fold in Thy-1 -/-mice (2.5 ± 0.6% and 1.0 ± 0.3% for wild-type and Thy-1 -/-animals, respectively). This observation prompted us to examine the maturation kinetics of Thy-1 -/-thymocytes from the DP to SP stage, using an in vivo bromodeoxyuridine (BrdU) pulselabeling method [13] . Figure 2a shows that the de novo production of CD8 and CD4 SP thymocytes from the DP precursor pool was markedly reduced in Thy-1 -/-mice. The diminished accumulation of SP cells could be a consequence of fewer DP cells undergoing differentiation into SP cells or of impaired survival of the SP precursor populations, such as DP and transitional thymocytes. We therefore analyzed the rate at which BrdU-pulsed thymocytes were removed from the DP cell pool and forwarded into the transitional compartment, defined by Lucas and Germain [14] as CD4 lo CD8 lo/hi TCR int and CD4 hi CD8 lo TCR int/hi cells. Normal numbers of BrdU-labeled DP thymocytes and transitional cells were present in Thy-1 -/-mice 1 day after pulsing with BrdU; however, 2 days and 3 days after pulsing, a decreased accumulation of transitional thymocytes was evident ( Figure 2b , lower panels). Most importantly, Thy-1 -/-transitional cells were reduced by about 60% from day 1 to day 2. Thus, although positive selection of DP thymocytes is initiated normally in the Thy-1 -/-thymus, a fraction of positively selected Thy-1 -/-thymocytes seems to die at transitional stages before reaching the SP compartment, possibly due to overriding negative selection related to the TCR hypersensitivity observed in Thy-1 -/-thymocytes. This finding is consistent with reports showing that the bulk of negative selection, at least that mediated by viral superantigens, takes place within transitional thymocytes after an initial step of positive selection [15] .
Enhanced levels of depletion were also detected in the DP subset of Thy-1 -/-thymocytes at day 2 and day 3 ( Figure 2b , upper right panel), raising the possibility of increased death in this cell population as well. This proposal was further supported by analysis of recombination activating gene (RAG) expression in DP thymocytes. RAG gene expression has proved to be a relevant marker of thymic maturation: thymocytes gradually downregulate the level of RAG transcripts as they undergo positive selection [16] . We sorted DP cells into CD3 -/dull and more mature CD3 + populations and analyzed RAG-1 mRNA expression by semi-quantitative RT-PCR analysis. Figure 2c shows that the downregulation of RAG-1 mRNA expression from CD3 -/dull to CD3 + DP thymocytes was dramatically reduced in Thy-1 -/-mice relative to Thy-1 +/+ mice. Thus, together with the BrdU kinetic study, these data regarding the immature phenotype of Thy-1 -/-CD3 + DP thymocytes suggest that DP cells that have undergone the downregulation of RAG expression are more susceptible to death. This increased cell death may again be caused by an augmentation of negative selection, or by the loss of survival signals normally delivered by Thy-1 during positive selection of DP cells.
We also established Thy-1 -/-mutant mice expressing a transgene (tg) coding for a TCR that is specific for the male H-Y antigen presented by the MHC class I mol-ecule H-2D b [17] . We observed that positive selection giving rise to the SP CD8 + TCRtg + thymocytes in H-Y transgenic female mice, was reduced approximately two-fold in the
Figure 1
Increased TCR signaling in Thy-1 -/-thymocytes. (a) Tyrosine phosphorylation of TCR-CD3 subunits. Thymocytes were either stimulated with anti-CD3ε monoclonal antibody (145-2C11) at 37°C for 5 min [9] or incubated at 4°C for 30 min in the presence of NaN 3 . TCR-CD3 immune complexes [11] were analyzed by blotting with anti-phosphotyrosine antibody, anti-CD3ε antibody or anti-TCRζ monoclonal antibody. (b) TCR-dependent p56 lck activation. Thymocytes were either untreated or stimulated with anti-CD3ε monoclonal antibody (KT3) at 37°C for 5 min and lysed in lysis buffer containing 1% Brij 96. p56 lck was immunoprecipitated and the immune complex was analyzed in a kinase assay by using TCRζ-derived ITAM peptide as a substrate [20] . Similar amounts of p56 lck were present in each immunoprecipitate as visualized by blotting with anti-p56 lck antibody. thymocytes from BrdU-pulsed mice [13] were double-labeled to determine CD8 + and CD4 + SP subsets and then stained with anti-BrdU monoclonal antibody [21] . The SP cell production was defined as the ratio between the number of BrdU + SP thymocytes and that of total BrdU + thymocytes found at day 1. (b) Kinetics of production of DP and transitional thymocytes. Thymocytes from BrdU-pulsed mice were surface-labeled to define three subsets: CD4 hi TCR -/lo (R1), CD4 lo TCR int (R2) and CD4 hi TCR int/hi (R3) thymocytes, which correspond to the CD4 + 8 + TCR -/lo DP, CD4 lo 8 lo/hi TCR int and CD4 hi 8 lo TCR int/hi transitional thymocytes, respectively [14] . An example for the electronic gating using in mouse thymocytes. This negative regulation could possibly prevent excessive TCR signaling in developing thymocytes from leading to inappropriate negative selection. Thy-1 regulation of TCR signaling might also participate in the control of transformation events in thymocytes. Thy-1, along with other thymocyte surface molecules [9, 18] , thus contributes to the 'fine-tuning' of TCR signaling to promote effective thymic maturation and T-cell repertoire construction.
Supplementary material
A figure showing altered cell-cell contacts in the Thy-1 -/-thymus, data from the lymphomagenesis studies and details of the mice and antibodies used in this paper are published with this paper on the internet.
Figure 3
Reduced thymocyte positive selection in 
